In the paper a nonlinear model of a lattice-boom crane with lifting capacity up to 700mT for static analysis is presented. The rigid finite element method is used for discretisation of the lattice-boom and the mast. Flexibility of rope systems for vertical movement and for lifting a load is also taken into account. The computer programme developed enables forces and stress as well as displacements of the boom to be calculated. The model is validated by comparison of the authors' own results with those obtained using professional ROBOT software. Good compatibility of results has been obtained.
Introduction
Regardless of extensive development of commercial software for static and dynamic analysis of mechanical systems, there is still a need for more specific models and programs which can be used by small enterprises dealing with design and production of cranes. A firm's own models and programs, designed for special devices, are especially useful at the initial design phase [1] . Good numerical effectiveness and adaptation of the interface to customer needs results in the possibility of using the programs without the necessity of long training and specialist knowledge. The models and programs for static analysis of a latticeboom crane presented in the paper are examples of such a project developed for Protea. The program enables the user to analyse lifting performance of the crane in several configurations. These are defined by means of a radius crane.
Lattice-boom cranes are often used when large and heavy items have to be lifted. Due to their structure cranes with lattice-booms are examples of slender structures for which analysis of stability [3, 5, 7] and buckling [8] is especially important. Thus, an efficient model for static analysis which incorporates all necessary parameters of the crane helps engineers at the design stage. Figure 1 presents a model of the crane under consideration. It is assumed that the main parts of the crane, such as the lattice-boom (K), mast (A) and rope systems (Z w , G, B), are flexible. The inertial coordinate system { , , } x y z is placed at point O on the mast's axis of symmetry. Lateral tilt (heel) and trim are considered by means of gravity forces. The model is derived using homogenous transformations and the rigid finite element method for discretisation of the lattice-boom.
Crane model

Fig.1. Crane model
The equilibrium equations of the crane are derived from the Lagrange equations in the following form
where s V is the energy of spring deformation of the system, g V is the potential energy of gravity forces, k Q are generalised forces resulting from external forces (loads and constraint reactions), k q is k-th generalised coordinate.
Thus, generalised coordinates, energy of spring deformation for flexible components and generalised forces for parts of the crane have to be defined.
Lattice-boom
It is assumed that the main structure of the lattice-boom consists of boom sections connected consecutively. The boom section in general can be treated as a spatial truss (Fig.2a) with a different number of members connecting the four main beams, which can also differ in mass and geometry parameters. The members of the truss section are treated as beams, which means that they undergo bending, shearing as well as longitudinal and torsional deformations. The rods (members of the truss section) are firmly connected in a node (Fig.2b) , which means that the displacements of the rods in node i ( i 1 n   ) are the same. In order to model the boom segment, it is important to define the nodes which are at the end of the rod members. The initial position of all nodes before deformation of the lattice-boom is known in the following form
The coordinates of vectors (2) [ ] wR p . The orientation of the rods is defined using ZYX Euler angles and the geometry of the boom is described by means of homogenous transformations. The vector of generalised coordinates describing the displacements of the nodes consists of six components
, ,
where , , 
r is the coordinate vector in the local system
r is coordinate vector in the global system {} .
Having used homogenous transformations, formula (2.4) takes the following form
where
Rod elements are discretised using the rigid finite element method [6] and respective forces and moments transferred by spring damping elements (sdes) (Fig.3) 
spring-damping elements are derived [3] and introduced into the equilibrium equations by means of generalized forces [5] at the end nodes of rod p . Each rod is loaded with a force induced by gravity forces
where g is gravity accelertion, T  is the trim angle, H  is the heel angle. This force is distributed to the left and right part of the rod.
Mast
It is assumed that the mast is an A-frame with two segments (Fig.4) . The mast is discretized in the same way as the boom by dividing the segments into nodes and rods. Fig.4 . A-frame model of the mast.
Rope systems
Three rope systems which connect winches, column, and boom with a load are modelled ( Fig.1) : luffing mechanism (Z w ), main lifting system (B) and auxiliary lifting mechanism (G).
All three models are obtained in a similar way by adding derivatives of spring deformation energy of the ropes to the equilibrium equations. Considerations concerning the energy of rope deformation are presented below. Potential energy of rope deformation (Fig.6 ) can be calculated as follows (1) with respect to N q and M q take the form 
Validation
Equilibrium equations derived from (1) are written in the form of nonlinear algebraic equations as follows
where q is the vector of generalised coordinates of the crane. The iterative Newton method has been used in order to solve Eq.(3.1). In order to determine the gradient matrix, five-point finite differences have been used.
The model of the crane presented in Fig.1 consists of three segments: the boom is considered as segment 0 while segments 1 and 2 are parts of the mast.
In order to validate the model and subsequent programme, numerical simulations have been carried out and the results obtained have been compared with those from the ROBOT commercial software package based on the finite element method. The comparison is concerned with forces and stresses in chosen rods. The rigid finite element method enables calculations of forces and stresses in the middle of rods, while the finite element method gives results at the ends of rods, and thus some approximation had to be applied. The influence of base inclination due to both heel and trim angles, of the deviation of the load (offlead and sidelead) and of the accelerations caused by waves, wind and gravity forces is taken into account.
Numerical simulations have been carried out for the crane from Fig.1 It is important to note that the compatibility of results is satisfactory despite the differences in models. For example, in the authors' model the flexibility of the base is not taken into account unlike in the ROBOT model; the model presented takes into consideration flexibility and the transmission ratio while in ROBOT the rope systems are modelled as beams.
Final remarks
In the paper, a model of a lattice-boom crane is presented. It is assumed that the column, boom and rope systems are flexible. The rigid finite element method is used to discretize the column and the latticeboom crane. In many applications the rigid finite element method has been used to discretize beam-like links and plates. This new approach for modelling truss structures proves that the method can be used even for broader applications. The model and program developed have been validated by comparison of the authors' own results with those obtained from commercial software. Good compatibility of results has been achieved and this enables further research in dynamics of such cranes to be undertaken.
